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Abstract
Based on a systematic variation of the gas flow ratio of silane (SiH4) and nitrogen (N2), amorphous hydrogenated silicon nitride 
(a-SiNx:H) thin films are synthesized with an inductively coupled plasma enhanced chemical vapour deposition (ICP-PECVD) 
technique offering a low (< 50 MPa) film stress in combination with a negligible drift behaviour. Most recently, two dominating 
regimes were identified, characterized by either high, but stable compressive stress or low stress, but with a strong drift 
behaviour. A rapid change in chemical composition at the transition point promotes the oxidation of the layer in the latter case 
causing the drift, and is confirmed by the corresponding change of the refractive index n, as well as FT-IR (Fourier-Transform 
Infrared Spectroscopy) and XPS (X-ray Photoelectron Spectroscopy) measurements.
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1. Introduction
In the fabrication microelectromechanical systems (MEMS) silicon nitride thin films are well established due to 
their chemical resistance, and excellent electrical and mechanical properties. Among others, a-SiNx:H thin films are 
standard materials for micro-cantilevers or membranes [1]. In these applications a low mechanical stress [2] and 
long-term stability are two properties of utmost importance. Several types of CVD (chemical vapour deposition) 
techniques are applied for the deposition of a-SiNx:H thin films, including but not limited to LP- (low pressure-) [3], 
PE- (plasma enhanced-) [4], and ICP- (inductively coupled plasma) [5], which all have their certain characteristics. 
In particular, ICP-PECVD is a promising approach, offering a very high flexibility in the process.
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2. Experimental details
In the experiments single-crystalline, (100)-oriented, double-side polished, n-type (phosphorous doped) silicon 
wafers were used as substrates, having a diameter of 100 mm, a thickness of 350±15 μm and a resistivity of > 
50 FP3ULRUWRWKHGHSRVLWLRQWKHVXEVWUDWHVZere rinsed with acetone and isopropyl alcohol, followed by a short 
dip in buffered hydrofluoric acid to remove native oxide from the surface. Finally, the substrates were exposed to an 
ultrasonic stream of DI water.
For the deposition an Oxford Plasmalab 100 System ICP-CVD downstream reactor was used. The system is 
equipped with an inductively and a capacitively coupled plasma source, both operated at the frequency of 
13.56 MHz where the latter is only used for plasma ignition. The process chamber was evacuated to a base pressure 
of 7·10-4 mTorr, and subsequently nitrogen and argon were introduced through a showerhead, as well as silane via a 
gas distribution ring. Flow rates of the dilution gas argon and the precursor silane were held constant at 48 and 
12 sccm, respectively (with one exception), while the flow rate of nitrogen was varied in order to alter the reactive 
gas flow ratio R, defined as rN2/rSiH4. The substrates were heated to a temperature of 350°C, the ICP plasma power 
was set to 750 W, and the back pressure was held at 7 mTorr, if not noted otherwise. The deposition time was fixed 
at 15 minutes. A summary of the samples prepared for this study is presented in Table 1.
Table 1: Summary of the parameters used for sample deposition
R rSiH4 [sccm] rN2 [sccm] PICP [W] p [mTorr] 
0.5 12 6 750 7
0.66 12 8 750 7
0.75 12 9 750 7
0.83 12 10 750 7
1 12 12 750 7
2 12 24 750 7
4 12 48 750 7
8 6 48 750 7
0.75 12 9 500 7
0.75 12 9 1000 7
0.75 12 9 750 4
0.75 12 9 750 10
The refractive index n, as well as the film thickness d were determined by a Filmetrix F20 thickness 
measurement instrument using the spectral reflectance method. Mechanical film stress was extracted using an E+H 
Metrology MX-203 capacitive wafer geometry gauge, by measuring the curvature of the wafer prior to and following 
the deposition, and using a modified version of Stoney’s formula [6]. The temporal evolution of the residual film 
stress at room temperature was also recorded.
To study the chemical composition of the films Fourier-transform infrared (FT-IR) measurements were 
taken using a Bruker Tensor 27 infrared spectroscope between 400 and 4000 cm-1 with a resolution of 2 cm-1. The 
spectrum of a blank Si wafer was subtracted from the acquired spectra which were subsequently normalized with the 
respective film thickness. X-ray photoelectron spectroscopy (XPS) measurements were conducted with a Thermo 
Scientific Theta Probe small spot XPS instrument, after sputtering approximately 5 nm from the surface.
3. Results and Discussion
As expected from previous results [7], between R = 0.5 and 1 a steep increase of the deposition rate is observed 
from about 9 to ~18 nm/min, as well as a rapid decrease of the refractive index n occurs, from about 2.7 to n < 2.0, 
indicating strong changes in the chemical composition (see Figure 1.a). In the same range, the film stress ı changes 
from about -1000 MPa (compressive) to +200 MPa (tensile) with the zero transition at R §,QWKLVFDVHWKHILOP
stress is stable over time. In contrast, between R = 1 and 8 the film stress is generally low (±100 MPa) in the “as 
deposited” state, but drifts in the compressive direction over time (Figure 1.b). Deposition rate and refractive 
indices, however, show only minor variations.
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Figure 1. (a) Refractive indices (black squares) and deposition rates (red circles) of ICP-PECVD deposited a-SiNx:H thin films as function of the
gas flow ratio R; (b) Film stress of ICP-PECVD deposited a-SiNx:H thin films in the “as deposited” state (black squares) and three days after
deposition as a function of the gas flow ratio R. The inserted lines serve as guides to the eye.
The atomic composition of some selected films (excluding hydrogen) obtained by XPS is shown in Figure 2.a. It 
is apparent that all layers are silicon-rich compared to stoichiometric Si3N4. With increasing R, the silicon content 
decreases from 64% to 52%. The nitrogen conentration has a maximum of 41% at R = 0.75, leading to a
composition closest to the stoichiometric ratio in the scope of our investigation. The oxygen content is always
increasing with a higher R value from under 2% up to 15%, where practically silicon oxynitride is formed. This
compositional change also has an effect on the bonding properties of the constituent atoms. With an increasing R
ratio a Si atom will –on average –react with more N atoms, as more N atoms are available in the plasma, than at a
lower R value, thus causing a chemical shift in the XPS peak of Si (Figure 2.b).
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Figure 2. (a) Atomic composition of selected ICP-PECVD deposited a-SiNx:H thin films having different gas flow ratios. Data were acquired
using XPS. A Si-N-O ternary system is assumed. (b) Chemical shift of the Si peak in the XPS spectra of ICP-PECVD deposited a-SiNx:H thin
films having different gas flow ratios.
The accumulation of oxygen in the layers is also traceable in the FT-IR spectra, where the Si-O absorption peak
at 1108 cm-1 is becoming more prominent with increasing R. Additionally, in case of R < 0.75, almost all hydrogen
is bonded in form of Si-H, whereas when R > 0.75, exclusively N-H is formed as it is demonstrated by the strong
decrease of Si-H and increase of N-H bond densities with increasing R in Figure 3.a. In contrast, at R § 0.75 Si-H
and N-H bonds are coexistent in the films. The main Si-N absorption band has a maximum intensity at R = 0.75, and
is shifted to higher frequencies with increasing R, in accordance with the XPS results.
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Figure 3. (a) FT-IR spectra of ICP-PECVD deposited a-SiNx:H thin films having a gas flow ratio of 0.5 (blue), 0.75 (red) and 1 (black), showing 
the most prominent absorption peaks. (b) Film stress of ICP-PECVD deposited a-SiNx:H thin films in the “as deposited” state (squares) and after 
three days (circles) with R = 0.75 as a function of ICP power (red) and back pressure (black).
Without sacrificing the long-term stability of the films, it is possible to control the residual stress of the films 
deposited at R = 0.75, by changing the plasma power PICP or back pressure p. With increasing PICP, the film stress 
changes from about -200 MPa to close to zero, while increasing the back pressure from 4 to 10 mTorr changes the 
stress from approximately +150 MPa to -250 MPa, as it is presented in Figure 3.b.
4. Conclusions
Expanding on previous results, it was found that by pinning down the gas flow ratio R to the optimum point of 
0.75, long-term stale ICP-CVD silicon nitride films are formed, where the mechanical stress can be tuned between 
approximately +150 and -250 MPa. This is achieved due to the tailored chemical composition of the films. In order 
to adjust the absolute value of the film stress while maintaining the high stability, further investigations are currently 
performed.
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